Detailed models for the density and temperature profiles of gas and dust in protoplanetary disks are constructed by taking into account X-ray and ultraviolet (UV) irradiation from a central T Tauri star, as well as dust size growth and settling toward the disk midplane. The spatial and size distributions of dust grains in the disks are numerically computed by solving the coagulation equation for settling dust particles, with the result that the mass and total surface area of dust grains per unit volume of the gas in protoplanetary disks are very small, except at the disk midplane. The level populations and line emission of molecular hydrogen are calculated using the derived physical structure of the disks. X-ray irradiation is the dominant heating source of the gas in the inner disk region and in the surface layer, while the far UV heating dominates otherwise. If the central star has strong X-ray and weak UV radiation, the level populations of molecular hydrogen are controlled by X-ray pumping, and the X-ray induced transition lines could be observable. If the UV irradiation is strong, the level populations are controlled by thermal collisions or UV pumping, depending on the properties of the dust grains in the disks. As the dust particles evolve in the disks, the gas temperature at the disk surface drops because the grain photoelectric heating becomes less efficient, while the UV radiation fields become stronger due to the decrease of grain opacity. This makes the level populations of molecular hydrogen change from local thermodynamic equilibrium (LTE) to non-LTE distributions, which results in changes to the line ratios of molecular hydrogen emission. Our results suggest that dust evolution in protoplanetary disks could be observable through the line ratios of molecular hydrogen. The emission lines are strong from disks irradiated by strong UV and X-rays and possessing small dust grains; such disks will be good targets in which to observe molecular hydrogen emission.
Introduction
Observations of thermal dust continuum emission (e.g., Kenyon & Hartmann 1987; Beckwith & Sargent 1993; Kitamura et al. 2002) and, more directly, images of light scattered from dust grains (e.g., Roddier et al. 1996; Itoh et al. 2003; Duch-ene et al. 2004 ) have revealed that young stellar objects have circumstellar disks. In addition, a gaseous component has been detected from the circumstellar disks around T Tauri stars (e.g., Carr 1989; Dutrey et al. 1997 Dutrey et al. , 2007 Thi et al. 2004; Qi et al. 2006; Najita et al. 2007; Bergin et al. 2007 ). Recent high spectral resolution and high sensitivity observations have made it possible to detect line emission of molecular hydrogen gas, which is the major component of the gas in the protoplanetary disks (Thi et al. 1999 (Thi et al. , 2001a Richter et al. 2002; Sheret et al. 2003; Sako et al. 2005; Weintraub et al. 2000; Bary et al. 2002 Bary et al. , 2003 Itoh et al. 2003; Herczeg et al. 2002 Herczeg et al. , 2004 Herczeg et al. , 2006 Bergin et al. 2004 ). Furthermore, detection of molecular hydrogen lines in the nearand mid-infrared wavelength bands has been reported towards T Tauri stars and Herbig Ae/Be stars very recently (Weinstraub et al. 2005; Bary et al. 2007, in preparation; Richter et al. 2007; Bitner et al. 2007, in preparation) . In a previous paper (Nomura & Millar 2005 , hereafter Paper I), we constructed a model for molecular hydrogen emission from a protoplanetary disk that is irradiated by strong ultraviolet (UV) radiation from a central star, and whose dust component has the same properties as dense molecular cloud dust. Now, it is known observationally that many young stellar objects emit strong X-ray radiation (Koyama et al. 1994; Feigelson & Montmerle 1999; Tsujimoto et al. 2002; Imanishi et al. 2003; Getman et al. 2005; Preibisch et al. 2005 ) which ionizes hydrogen gas and could be one of the important heating sources of gas in protoplanetary disks, in addition to the grain photoelectric heating induced by far UV radiation from the central star (cf. Kamp & Dullemond 2004; Jonkheid et al. 2004; Dullemond et al. 2007; Paper I) . Actually, some model calculations show that X-ray irradiation can heat the gas to very high temperatures at the surface layer of the disks (Glassgold & Najita 2001; Gorti & Hollenbach 2004; Glassgold et al. 2004 ; Kamp et al. 2005) . Furthermore, it has been suggested that fast secondary electrons produced by X-ray ionization, similar to the electrons induced by cosmic-ray ionization, can pump molecular hydrogen into excited electronic states and may be important, for example, in extra-galactic objects, Herbig-Haro objects, and supernova remnants (e.g., Shemansky et al. 1985; Gredel et al. 1989; Gredel & Dalgarno 1995; Tiné et al. 1997 ). This X-ray pumping could be observable toward disks which are irradiated by strong X-ray radiation from their central stars (e.g., Bergin et al. 2004) .
As disks evolve, it is believed that the dust particles in the disks coagulate and settle toward the disk midplane as the first step of planet formation. The dust dynamics in this stage have been studied theoretically in many works (e.g., Weidenschilling 1980 Weidenschilling , 1997 Nakagawa et al. 1981 Nakagawa et al. , 1986 Mizuno et al. 1988; Mizuno 1989; Cuzzi et al. 1993; Schmitt et al. 1997; Nomura & Nakagawa 2006) . This dust evolution is expected to affect observational properties of the disks, and some model calculations have been done in order to study the effect (e.g., Miyake & Nakagawa 1993 D'Alessio et al. 2001 D'Alessio et al. , 2006 Dullemond & Dominik 2004; Jonkheid et al. 2004 Jonkheid et al. , 2006 Jonkheid et al. , 2007 Retting et al. 2006; Aikawa & Nomura 2006 ). In addition, some numerical calculations of the dust evolution have been done by solving the coagulation equation for settling dust particles, and its effect on the spectral energy distribution of thermal dust emission disks investigated (Suttner & Yorke 2001; Tanaka et al. 2005; Dullemond & Dominik 2005) . In this paper, we further examine the effects of the dust evolution on the physical structure of the gas in the disks and on molecular hydrogen emission by using both a simple dust model and a numerical calculation of the coagulation equation.
Historically, line emission from molecular hydrogen has been observed towards various kinds of astronomical objects, such as shock fronts associated with star forming regions, reflection nebulae, planetary nebulae, supernova remnants, external galaxies, and so on (e.g., Beckwith et al. 1978; Brown et al. 1983; Hasegawa et al. 1987; Burton et al. 1992) . The observed line ratios probe the physical properties of these objects as they reflect the excitation mechanisms of molecular hydrogen, e.g., thermal collisions, ultraviolet and Xray pumping, and formation pumping (e.g., Black & van Dishoeck 1987; Sternberg & Dalgalno 1989; Tanaka et al. 1989; Tiné et al. 1997; Takahashi & Uehara 2001) . In this work we propose a possible observational diagnostic of the dust evolution in protoplanetary disks using line spectra and the line ratios of molecular hydrogen.
In the following sections, we model the density and temperature profiles of the gas and dust in protoplanetary disks, taking into account the Xray and UV irradiation from a central star, as well as dust growth and settling towards the disk midplane. Then, using the physical structure, we calculate the level populations and line emission of molecular hydrogen. In §2, we introduce the models we use in this work. For the dust evolution, we use both a simple model and a more realistic model in which we solve the coagulation equation for settling dust particles ( §2.1). The X-ray and UV radiation fields are computed 1+1 dimensionally ( §2.2), the density and temperature profiles of the gas and dust in the disks are obtained by assuming vertical hydrostatic equilibrium and local thermal and radiative equilibrium ( §2.3). The level populations of molecular hydrogen are calculated under an assumption of statistical equilibrium from which we get the molecular hydrogen emission by solving the radiative transfer equation ( §2.4). In §3, we present the resulting dust size and spatial distributions ( §3.1), the physical structure of the disks ( §3.2), the level populations of molecular hydrogen ( §3.3), and the line spectra and line ratios of molecular hydrogen ( §3.4), in which the effects of the X-ray irradiation and the dust evolution are discussed. Finally, the results are summarized in §4.
Models

Spatial and Size Distributions of Dust Particles
The physical structure and the molecular hydrogen emission of the disks are affected by the dust model in various ways; for example, the UV radiation field through dust extinction ( §2.2), the dust temperature through optical properties of dust grains, the gas temperature through grain photoelectric heating and dust-gas collisions ( §2.3), and the molecular hydrogen formation rate on dust grains ( §2.4). In this paper we use the following two types of model for the dust size and spatial distributions. In model A we adopt a very simple assumption in order to understand the basic properties of the effects of dust evolution. In model B we consider a more realistic case by numerically solving the coagulation equation for settling dust particles.
In both models the shape of the dust particles is simply assumed to be a compact sphere (see e.g., Kozasa et al. 1992; Ossenkopf 1993; Ormel et al. 2007 for fractal dust aggregate models). Making use of the resulting spatial and size distributions of dust grains, the dust absorption (κ ν ) and scattering (σ ν ) coefficients at each position of the disk are computed by means of the Mie theory (Bohren & Huffman 1983) , with the dust particles assumed to consist of silicate, carboneous grains, and water ice (see Paper I for details).
Model A
In model A we assume that the dust grains have a spatially uniform distribution and the mass fractional abundance of the dust with respect to the gas is fixed at each position in the disk (i.e. the dust grains are well mixed with the gas). The size distribution is set to be dn/da ∝ a −3.5 (a is the radius of dust grain) with the maximum grain radii of a max = 10µm, 1mm, and 10cm. The minimum radius is set to be 0.01µm for all models. The amount of small dust grains decreases with increasing maximum grain radii as we keep the mass fractional abundance of the dust grains to the gas fixed (see also §2.1.3) (e.g., Miyake & Nakagawa 1993; D'Alessio et al. 2001; Aikawa & Nomura 2006 ).
Model B
In this model the spatial and size distributions of dust grains are obtained by solving coagulation equations for various sizes of settling dust particles,
where ϕ(i) is the mass density of dust particles in a mass bin i whose summation is equal to the total mass density of the dust particles at a given position and time as
Here we briefly summarize the dust evolution model; more details can be found in Nomura & Nakagawa (2006) . Now, V z (i) in equation (1) is the vertical velocity and m i is the typical mass of a particle in a mass bin i. The symbol β(i, j) is related to the sticking rate of two colliding dust particles, given by
where a i is the radius of a dust particle in a mass bin i, and we simply assume the sticking probability of p s = 1 in this paper. The fragmentation of dust particles is simply neglected in this work. For the relative velocity between two colliding particles, δV , we adopt
The symbol δV
(k is Boltzmann's constant and T d is the dust temperature) is the relative velocity caused by the thermal Brownian motion. The symbols
is the local radial velocity component of dust particles with mass m i , arising from angular momentum loss via gas-dust friction) are the velocity differences in the vertical and radial directions, respectively. Finally, δV T is the turbulence-induced relative velocity (see Nomura & Nakagawa 2006 for more details). The disk is simply assumed to be completely quiescent or turbulent, with δV T = 0 in a quiescent disk model. The mass flux in equation (1) is given by
in a quiescent disk, where Ω K is the Keplerian frequency and ρ is the gas density. For the drag coefficient between the gas and dust particles, A, we adopt A = c s /ρ s a for a l g and A = 3c s l g /2ρ s a 2 for a l g , following Epstein's and Stokes' laws, respectively, where c s , ρ s , and l g are the sound speed of the gas, the solid density of a dust particle, and the mean free path of gas particles, respectively. The mean velocity of the dust particles in the vertical direction, V z (i) = Ω 2 K z/Aρ, is obtained by balancing the gas-dust friction force, AρV z (i), and the gravitational force in the vertical direction, Ω 2 K z. In a turbulent disk, the mass flux is written as
following the gradient diffusion hypothesis. For the turbulent diffusivity, we adopt D 0 = α ′ c s H/(1+ Ω K /Aρ), where H = c s0 /Ω K (c s0 is the sound speed at the disk midplane) is the scale height of the disk and we set α ′ = 10 −4 in this paper.
The global radial motion of the dust particles toward the central star is not taken into account in this work. At the disk surface this simplified treatment is applicable because large dust particles settle toward the disk midplane more rapidly than they move toward the central star (Figs. 3 and 4 in §3.1 actually show that large particles cannot stay in the surface layer). We note that the radial motion is negligible for the small dust particles which couple with the gas efficiently via friction force (e.g., Adachi et al. 1976; Weidenschilling 1977; Takeuchi & Lin 2005) . Therefore, neglect of radial global motion will not affect our results of molecular hydrogen lines which are mainly emitted in the disk surface (see Paper I). In a completely quiescent disk the radial motion is negligible all over the disk (e.g., Nakagawa et al. 1986 ). Now, in order to avoid making very large particles which do not couple with the gas and should fall on towards the central star, we remove particles larger than some critical radius by simply assuming that when the dust particles grow large enough so that they cannot be trapped in a turbulent eddy, they gain very rapid radial motion. The critical radius is estimated as a crit = c s ρ gas /ρ s Ω K for a l g and a crit = (3c s ρ gas l g /2ρ s Ω K )
1/2 for a l g by comparing the friction time between the gas and dust particles, τ f = 1/Aρ, and the turnover time of the largest turbulent eddy, τ eddy = 1/Ω K . We note that the dust particles grow to be larger than a crit only close to the midplane of a turbulent disk (see §3.1).
As the initial condition of the calculations, we set the dust particles to be well-mixed with the gas and the dust-to-gas mass ratio to be spatially uniform. For the initial size distribution of the dust grains, we adopt dust model A with a max = 10µm, which is similar to the dust model of dense molecular clouds (e.g., Weingartner & Draine 2001) . We also assume that the disk is surrounded by a dense molecular cloud with gas number density n out = 10 4 cm −3 , and consider a continuous input of dust particles from the molecular clouds to the disk as a boundary condition at the disk surface (z = z coag , see below and §3.1) for the calculations of dust evolution (Eq. [1]). Dust particles fall on to the disk because the pressure gradient force is negligibly small for them (e.g., Landau et al. 1967) and cannot sustain them against the gravitational force of the central star (we note that the gas is assumed to be stationary due to the pressure gradient force). This input of dust particles has great influence on structure of the disk surface and observational properties of the disk (see §3). The total mass of dust particles infalling from the cloud to the disk in 10 6 yr (the time for which the calculations are performed) is ∼ 5×10 −5 M ⊙ , which corresponds to a dust mass in a spherical cloud with a radius of 2,500 AU and a gas density of 10 4 cm −3 , and 1/3 of the initial mass of dust grains in the disk. In the calculations for the dust coagulation and settling we set 23 radial grids logarithmically for x = 0.2 − 100 AU, and 50 vertical grids for the region where the coagulation becomes significant (z < z coag , see §3.1). The dust coagulation equation is solved using fixed density and temperature profiles of dust and gas because self-consistent calculations coupled to the time evolution of the dust and gas profiles are very time-consuming. Instead, we get the dust distribution and the temperature and density profiles by iterating the calculations only once under an assumption that the temperature and density profiles turn into an equilibrium state very quickly; that is, we (a) calculate the dust gas profiles using the initial dust distribution, (b) solve the coagulation equation using the temperature and density profile in (a), (c) compute the dust and gas profiles again using the dust distribution in (b), (d) obtain the dust distribution by solving the coagulation equation with the temperature and density profiles in (c), and (e) finally get the dust and gas profiles using the dust distribution in (d). In the calculations in §3 we compare the gas temperature and density profiles in (c) and (e), and checked that the errors are within 30% for the gas temperatures and 80% at most for the gas densities in both quiescent and turbulent disks. These errors are relatively large at the upper layer of the disks where the molecular hydrogen is photodissociated via UV radiation from the central star, so the errors in molecular hydrogen emission from the disks (see §3.4) are smaller and within 15% for all lines.
Parameter for Total Surface Area of Dust
Particles, f dust
We introduce a parameter, f dust , that represents the total surface area of dust particles per unit volume of the gas at each position in the disk (x, z),
where
The size distributions dn/da ∝ ϕ(i)/a 4 i in dust model B, and A tot,0 is calculated using the dust model A with a max = 10µm, which is similar to the dust model of dense molecular clouds and is used as the initial condition for dust model B. This parameter controls the physical disk structure and molecular hydrogen emission from the disks because the grain opacity, the grain photoelectric heating rate, and the formation rate of molecular hydrogen on grain surface are roughly proportional to it. Thus, the dust and gas temperatures, the UV radiation field, and the abundance of molecular hydrogen are related to f dust (see the following subsections). In dust model A, the parameter f dust has values of 1, 0.1, and 0.01 for the maximum dust size of a max = 10µm, 1mm, and 10cm, respectively. In model B, f dust decreases with dust size growth and settling (except at the disk midplane), which leads to a decrease of the grain photoelectric heating rate, and thus the gas temperature and so on (see §3.1 for more details).
X-ray and Ultraviolet Radiation Fields
Observations have shown that many T Tauri stars emit strong X-ray (e.g., Koyama et al. 1994; Feigelson & Montmerle 1999; Tsujimoto et al. 2002; Imanishi et al. 2003; Getman et al. 2005; Preibisch et al. 2005) as well as strong ultraviolet (UV) radiation (e.g., Herbig & Goodrich 1986; Herbst et al. 1994; Valenti et al. 2000) . For the X-ray radiation from the central star we use a model which reproduces observational data toward a classical T Tauri star, TW Hydrae (cf. Kastner et al. 2002; Stelzer & Schmitt 2004) . Retrieving the archived XMM-Newton data, we fit the spectrum with a two-temperature thinthermal plasma model (mekal model; Mewe et al. 1985; Kaastra et al. 1992; Liedahl et al. 1995) which is often used in order to reproduce observed X-ray spectrum of T Tauri stars. The derived best-fit parameters are kT 1 = 0.8keV and kT 2 = 0.2keV for the plasma temperatures, and N H = 2.7 × 10 20 cm −2 for the foreground interstellar hydrogen column density. The total Xray luminosity of the spectrum corresponds to L X ∼ 10 30 erg s −1 . In Figure 1 the resulting model spectra is plotted. The adopted stellar UV radiation field model is also based on observations towards TW Hydrae and analyses by Herbst et al. (1994) , Costa et al. (2000) , Bergin et al. (2003) , The model consists of photospheric black body radiation, hydrogenic thermal bremsstrahlung radiation, and strong Ly α line emission (see Appendix C of Paper I). The total FUV (6eV < hν < 13eV) luminosity corresponds to L FUV ∼ 10 31 erg s −1 . The interstellar UV radiation field is taken into account, but its contribution is negligible under the strong UV irradiation from the central star (see Paper I for details of the UV radiation field in the disk). We note that although we use the X-ray and UV radiation of TW Hya (as it is one of the most well-observed T Tauri stars), our disk model is to be more widely applicable.
The X-ray and UV fields in the disk are calculated in 1+1 dimensions in the radial and vertical directions (see also Paper I) as
and
where the direct radiation from the central star is calculated fully, while a plane-parallel approximation in the vertical direction is adopted for the calculation of the scattering process, which could result in overestimating the radiation fields in the disks. In the above equations F ν,star is the specific radiation field at the stellar surface and f = (R * /R) 2 accounts for the geometrical dilution of the radiation field. F ν,ISRF is the FUV interstellar radiation field, and we set F Xray, ISRF = 0 in the calculation of the X-ray radiation field. τ ν,R and τ ν,z are the specific optical depths from the stellar surface (R * , Θ) to a point (R, Θ) and from a point (x, z) to (x, z ′ ), respectively. ρ is the gas density, and χ ν is the monochromatic extinction coefficient defined by the absorption (κ ν ) and scattering (σ ν ) coefficients as χ ν ≡ κ ν + σ ν . In order to treat X-ray extinction, we adopt the attenuation cross section at an energy E of σ att (E) = σ ph (E)+σ Com (E), where σ ph is the total photoionization cross section due to all elements per hydrogen nucleus and σ Com is the incoherent Compton scattering cross section of hydrogen. For the cross section σ ph we adopt a broken power-law model given by Maloney et al. (1996;  see also Wilms et al. 2000) , and σ Com is calculated based on McMaster et al. (1969, http ://cars9.uchicago.edu/ñ ewville/mcbook/). In calculating equations (9) and (10), we adopt χ Xray = σ att (E)/m p and σ Xray = σ Com (E)/m p , where m p is the proton mass.
Physical Structure of the Disks
We model an axisymmetric disk surrounding a central star with the physical parameters of typical T Tauri stars; a mass of M * = 0.5M ⊙ , a radius of R * = 2R ⊙ , and a temperature of T * = 4000K (e.g., Kenyon & Hartmann 1995) .
The gas temperature and density distributions of the disk are obtained self-consistently by iteratively solving the equations for hydrostatic equilibrium in the vertical direction and local thermal balance between heating and cooling of gas (see Paper I for details). The vertical hydrostatic equilibrium is represented by an equation,
G is the gravitational constant, and P is the gas pressure given by P = ρkT /m µ , where ρ, T , k, and m µ are the density and temperature of the gas, Boltzmann's constant, and the mean molecular mass, respectively. The condition,
, is imposed, where we set ρ(x, z ∞ ) = 5.0 × 10 −19 g cm −3 (n tot ≈ 3 × 10 5 cm −3 ) as the boundary condition. The surface density at a disk radius x, Σ(x), is defined by assuming a constantly accreting viscous disk model and equating the gravitational energy release of accreting mass to the thermal heating via viscous dissipation at the disk midplane,
where c s0 and Ω K = (GM * /x 3 ) 1/2 represent the sound speed at the midplane and the Keplerian frequency, respectively. A viscous parameter of α = 0.01 and a constant mass accretion rate oḟ M = 10 −8 M ⊙ yr −1 are adopted here.
The gas temperature, T , is obtained by assuming detailed energy balance at each position in the disk,
where we include grain photoelectric heating induced by FUV photons, Γ FUV , X-ray heating caused by hydrogen ionization, Γ Xray , gas-grain collisions, Λ gr , and radiative cooling by line transitions, Λ line for the gas heating and cooling processes. The X-ray heating rate, Γ Xray , is calculated as
where n tot is the total number density of hydrogen nuclei, and f h is the heating efficiency, namely, the fraction of absorbed energy that goes into heating the gas. We adopt f h = 0.1 for atomic hydrogen and f h = 0.4 for molecular hydrogen (Maloney et al. 1996; Gorti & Hollenbach 2004 ). H X is the local X-ray energy deposition rate per particle, given by
where σ ph (E) is the total photoionization cross section due to all elements per hydrogen nucleus at energy E. The symbol F X (E) is the X-ray energy flux at each position in the disk, and E min = 0.1keV and E max = 10keV are adopted for the minimum and maximum energy (see Fig. 1 in §2.2). We note that the viscous heating is not taken into account in the energy balance (Eq.
[13]) because it is not dominant (at the disk surface) if α = 0.01 (Glassgold et al. 2004 ). For radiative cooling by line transitions, we consider the Ly α transition of atomic hydrogen and the metastable transition of OI (λ 6300Å) in addition to the fine-structure transitions of OI (63µm) and CII (158µm), and the rotational transitions of CO. In order to calculate the Ly α line cooling, we make use of the table of level populations of atomic hydrogen for various electron densities and temperatures, given by Storey & Hummer (1995) . The collisional de-excitation rate coefficient is taken from Hollenbach & McKee (1989) for calculation of OI λ 6300 line cooling. Paper I gives details of calculations of the OI and CII fine-structure, and CO rotational transition line cooling.
The spatial and size distributions of dust grains affect the gas temperature through the grain photoelectric heating, Γ FUV , and the energy exchange between gas and dust particles through collisions, Λ gr . Both rates are roughly proportional to the parameter which represents the total surface area of the dust particles, f dust , given in §2.1.3. In this paper we simply set Γ FUV = f dust Γ FUV,0 and Λ gr = f dust Λ gr,0 , where the heating/cooling rates with subscript '0' are calculated by using the models given in Paper I in which we used the dense cloud dust model (see also Aikawa & Nomura 2006) .
The dust temperature profile is important for determining the disk structure because the gas temperature is well coupled to the dust temperature in the dense region near the midplane of the disks. We obtain the dust temperature by assuming local radiative equilibrium between absorption and reemission of radiation by dust grains at each position in the disk. The intensity is calculated by solving the axisymmetric two-dimensional radiative transfer equation by means of the short characteristic method in spherical coordinates (Dullemond & Turolla 2000; Nomura 2002) . As heating sources, we consider the radiative flux produced by the viscous dissipation (α-viscous model) at the disk midplane, and the irradiation from the central star (see Paper I for details). The dust evolution in the disks affects the dust temperature through the change in grain opacity ( §2.1).
Level Populations and Line Emission of Molecular Hydrogen
In order to obtain the molecular hydrogen emission from the disk, we first calculate the abundance and the level populations of the X 1 Σ − g electronic state of molecular hydrogen in a statistical equilibrium state, based on Wagenblast & Hartquist (1988) , as
where A lm is the Einstein A-coefficient for spontaneous emission from level l to level m and C s lm is the collisional transition rate with collision partner s. β lm represents the effective rate for transition l → m via ultraviolet pumping followed by radiative cascade, and R diss,l is the photodissociation rate of hydrogen molecules in level l. R form,l is the effective formation rate of H 2 in level l on grain surfaces. The endothermic reaction O + H 2 → OH + H, which destroys molecular hydrogen in high temperature regions, is also taken into account (see Paper I for details). In addition, we consider the effective transition rate, γ lm , via Xray pumping of molecular hydrogen followed by radiative cascade. X-ray irradiation from the central star ionizes the gas to produce photoelectrons and subsequently secondary electrons in the disk. Through collisions they excite molecular hydrogen to singlet and triplet electronic states, followed by radiative cascade down into the ground electronic state (e.g., Gredel & Dalgarno 1995; Tiné et al. 1997; Bergin et al. 2004) . In this paper we simply use the entry efficiency α Ji (v, J) from the levels (v = 0, J i ) to (v, J) for fractional ionization of 10 −4 , tabulated in Tiné et al. (1997) , in order to estimate the rate γ lm as
This simplified treatment will not cause significant error at the middle layer of the outer disk where molecular hydrogen lines are mainly emitted (the line fluxes are strong where the UV radiation field is not too strong, the gas temperature is moderately high, and the surface area is large; see Paper I), but a full calculation of X-ray pumping and the subsequent radiative cascade should be done in future. The symbol ζ X in equation (17) is the total hydrogen ionization rate given by
where σ ph is the total photoionization cross section due to all elements per hydrogen nucleus, and N sec is the number of secondary ionizations of hydrogen per unit energy produced by primary photoelectrons and we put N sec = 26/keV in this paper (e.g., Verner & Yakovlev 1995; Maloney et al. 1996; Gorti & Hollenbach 2004) . We note that the effect of interstellar cosmic-ray ionization is not taken into account in the calculation of the pumping process, but it will not affect the results as the X-ray ionization rate is much higher at the disk surface (see §3.2.1). Possible reactions induced by X-rays are ignored, and a simple chemical network given in Wagenblast & Hartquist (1988) (plus the reactions O + H 2 → OH + H and OH + hν → O + H) is adopted as in Paper I. This neglect will not affect the resulting molecular hydrogen abundance since the photodissociation by UV radiation from the central star or the above-mentioned reaction with atomic oxygen is more efficient for destroying molecular hydrogen than the X-ray-induced photoionization and other related reactions in our model (see e.g., Maloney et al. 1996 for XDR chemistry, and also e.g., Aikawa & Herbst 1999 Markwick et al. 2002 for more detailed disk chemistry including the X-ray photoprocess). The spatial and size distributions of dust grains affect the formation rate of molecular hydrogen. The rate is roughly proportional to the total surface area of the dust particles, f dust , given in §2.1.3, so we simply set R form,l = f dust R form,l,0 .
Here we use the model in Paper I in order to calculate R form,l,0 . The total formation rate is given by
, where T is the gas temperature and ǫ H2 (T d ) is the recombination efficiency of atomic hydrogen on dust grains as a function of the dust temperature, T d (Cazaux & Tielens 2002 , 2004 ; see also Pirronello et al. 1999; Zecho et al. 2002) .
Making use of the physical properties obtained in the previous subsections and the level popula-tions, we calculate emission (from levels u to l) of molecular hydrogen from the disks by integrating the radiative transfer equation (see Paper I for details),
whereη ul (x, z) is the emissivity of the transition line at (x, z) times the effect of absorption in the upper disk layer, given bỹ
(20) τ ul (x, z) is the optical depth from z to the disk surface z ∞ at the frequency ν ul ,
where χ ul is the total extinction coefficient,
In these equations, A ul and B ul are the Einstein coefficients, n u and n l are the number densities of the upper and lower levels, respectively, and Φ ul is the line profile function. The energy difference between the levels u and l corresponds to hν ul . The symbol χ ν ul is the extinction coefficient of dust grains (see §2.1 and §2.2) at the frequency ν ul , and ρ is the gas density. Here, the disk is assumed to be face on an observer, and we use the distance to an object of d = 56 pc for calculating the intensity in order to compare it with the observations towards TW Hya. Extinction by a foreground interstellar dust grains is not taken into account in the calculations.
Results
Spatial and Size Distributions of Dust Particles
For dust model B we obtain the spatial and size distributions of dust particles by solving the coagulation equations for various sizes of settling dust particles in a quiescent or turbulent disk ( §2.1). In Figure 2 we plot the resulting profiles of (a) the parameter representing the total surface area of dust grains, f dust (defined in Eq. [7] in §2.1.3), and (b) the total dust density ρ dust normalized by the initial value ρ dust,0 (defined in Eq. [2] in §2.1.2) in the vertical direction at the disk radii of x = 1, 10, and 100AU. The initial dust density is simply proportional to the gas density (the dust particles are well-mixed with the gas) and corresponds to roughly 1% of the gas mass density, ρ dust,0 ≈ 0.01ρ, in this model. The solid and dashed lines are the profiles in quiescent and turbulent disks, respectively. The calculations are performed for 10 6 yrs, comparable to the typical age of classical T Tauri stars. We note that at t ∼ 10 6 yr the dust coagulation process and settling motion (input from the upstream and output to the downstream) are almost in equilibrium state at each position in the disk, and the spatial and size distributions of dust particles do not change with time except in the region very close to the disk midplane. Therefore, the spatial and size distributions of dust particles in the surface layer presented in this subsection are applicable to older star-disk systems as well. Figure 2 shows that the mass and total surface area of dust grains per unit volume of the gas are much smaller than the initial values. In the disk surface (z > z coag ; see below) where the density of particles is low enough so that the dust particles settle before they grow, ρ dust /ρ dust,0 and f dust are small due to the settling of dust particles toward the disk midplane. In the upper surface of the disk (z > z fric ; see below), where the density is low enough that the gas friction force does not affect the motion of dust particles, the particles settle in the vertical direction with the free-fall velocity,
In this region the normalized dust density ρ dust /ρ dust,0 (and the parameter f dust ) drop with decreasing z, inversely proportional to the gas (or the initial dust) density. Here, the dust particles are assumed to be continuously falling on from the surrounding molecular cloud to the disk due to the gravitational force of the central star with a constant (timeindependent) mass flux (= n out V ff ) (see §2.1.2). At smaller z (z < z fric ) where the gas density becomes higher and the gas friction force controls the dust motion, the vertical velocity of dust particles becomes V z = Ω 2 K z/Aρ ( §2.1.2), and the normalized dust density ρ dust /ρ dust,0 (and the parameter f dust ) do not change very much in this region. The velocity changes from the free-fall velocity (V ff ) to the terminal velocity (V z = Ω 2 K z/Aρ) around z = z fric = 0.5, 7.5, and 75 AU at the disk radii of x = 1, 10, and 100AU, respectively, in this model. At even smaller z (z < z coag ) where the density is much higher and the collisional cross section becomes high enough for the dust particles to grow, the parameter f dust drops with decreasing z (and increasing density) because small particles disappear as a result of coagulation, while the normalized dust density ρ dust /ρ dust,0 does not change very much and increases close to the disk midplane due to the settling of the particles. Most of the dust mass settles at the disk midplane and ρ dust /ρ dust,0 ≫ 1 at z ≈ 0 (not shown in this figure). Throughout the calculations the total dust mass in the disk is equal to the initial dust mass plus the mass infalled from the cloud (minus the mass of particles with a > a crit removed near the midplane of the turbulent disk; see below). The difference between the quiescent and turbulent disks shows up most clearly in the parameter f dust at small z (z < z coag ; where the dust coagulation is efficient) because the collision rate is higher in the turbulent disk owing to the turbulent induced relative velocity between the particles, δV T (see §2.1.2). The coagulation becomes efficient around z = z coag ∼ 0.15 (0.2), 3.5 (4.0), and 65 (65) AU for the quiescent (turbulent) disk at x = 1, 10, and 100AU, respectively, in this model.
In Figures 3 and 4 we plot the resulting size distributions of mass density of dust particles, ϕ(i), normalized by the initial dust density ρ dust,0 , in quiescent and turbulent disks, respectively. Each figure shows the size distributions at (a) x = 1AU, t = 1 × 10 2 yr, (b) x = 1AU, t = 1 × 10 6 yr; (c) x = 10AU, t = 3 × 10 3 yr, (d) x = 10AU, t = 1 × 10 6 yr; (e) x = 100AU, t = 3 × 10 4 yr, and (f) x = 100AU, t = 1 × 10 6 yr. The time used in Figure a , c, and e is around the time when the size of the largest dust particles at the disk height of z ∼ H becomes maximum in the quiescent disk model. The dot-dashed, dashed, and solid lines in each figure represent the size distributions at z ∼ z coag , z ∼ 2H, and z ∼ H, respectively. In Figure 4b , d, and f, we also plot the size distributions at z ∼ 0.25H in thin solid lines. The disk scale heights are H = 0.044 (0.047), 0.51 (0.60), and 11 (11) AU for the quiescent (turbulent) disk at x = 1, 10, and 100AU, respectively. The thin dotted lines show the distribution of the initial -The vertical profiles of (a) the parameter for the total surface area of dust grains, f dust , and (b) the total dust density, ρ dust , normalized by the initial value in quiescent (solid lines) and turbulent (dashed lines) disks at the disk radii of x = 1, 10 and 100AU at 10 6 yr after the calculations start. At the disk surface ρ dust /ρ dust,0 and f dust are small due to the dust settling towards the disk midplane. Near the disk midplane f dust is further smaller as a result of the dust coagulation, while ρ dust /ρ dust,0 increases due to the dust settling. (f) x=100AU, t=1x10 6 yr z=11AU z=22AU z=65AU initial Fig. 3. -The size distributions of mass density of dust particles, ϕ(i), normalized by the initial dust density ρ dust,0 at each disk radii, x, and time, t, in a quiescent disk. The dot-dashed, dashed, and solid lines represent the distributions at z ∼ z coag , z ∼ 2H, and z ∼ H, respectively. The thin dotted lines show the initial distribution. At the disk surface the size distributions are similar to those in molecular clouds, but the number density of the dust particles is much smaller than the initial value due to the dust settling. Near the disk midplane small particles disappear due to the dust coagulation and larger particles settle towards the midplane as time increases. condition (the dust model A with a max = 10µm). The figures show that at the surface layer above z ∼ z coag the size distributions at t = 10 6 yr are similar to those in dense molecular clouds (the dust model A with a max = 10µm in this work) as the dust particles can not grow due to the small collisional rate, but the number density of the particles is much smaller than the initial value due to the dust settling as mentioned above. We note that bumps of mass density of small dust particles (a 1µm) at z ∼ z coag in early phases are remnants of the initial distribution. At smaller z (z < z coag ), small dust particles disappear as they stick together to make larger particles. In the quiescent disk the larger particles settle toward the disk midplane and disappear from the disk surface, z ≥ H, as time goes on (Fig. 3) . Meanwhile, in the turbulent disk a certain amount of large particles remain even at z ≥ H at t = 10 6 yr (though most of them settle toward the midplane) because of the turbulent mixing which works so as to unify the size distributions in the vertical direction ( §2.1.2; Fig. 4) . The cutoffs around the dust radii of a ∼ 7 and 0.8 cm at the disk height of z ∼ 0.25H in Figure 4d and e correspond to the critical radii, a crit , beyond which the particles cannot be trapped in a turbulent eddy and move toward the central star rapidly. The particles with a > a crit are simply removed from the calculations (see §2.1.2).
Physical Properties of the Disks
In this subsection we obtain the gas density and temperature distributions of the disk selfconsistently by iteratively solving the equations for vertical hydrostatic equilibrium and local thermal balance between heating and cooling of gas ( §2.3). The effects of the X-ray irradiation from the central star and the dust evolution on the physical properties of the disks are discussed in the following.
Effect of X-rays
First, in Figure 5 we plot the gas temperature profiles in the vertical direction at the disk radii of x = 1, 10, and 100 AU, where the disk is irradiated by both of X-ray and UV radiation from the central star (solid lines). We also plot the profiles for a disk which is irradiated by Xray radiation only (dashed lines) or UV radia- , and the position of z ∞ depends on the models (see §2.3). The figure shows that the gas temperature is much higher than the dust temperature in the surface layer of the disk due to the X-ray and FUV heating. The X-ray heating dominates the FUV heating in the inner region and in the surface layer of the disk where direct irradiation from the central star is strong. Meanwhile, the FUV heating dominates the X-ray heating in the middle layer and in the outer disk. This is because the FUV radiation is scattered efficiently by dust grains, while the Compton scattering of X-ray radiation is inefficient in the energy range of E 1keV (e.g., Igea & Glassgold 1999 ) in which T Tauri stars mainly emit X-rays (see Fig. 1 ). The gas temperature is almost the same as the dust temperature near the disk midplane where the density is high enough that the gas and dust particles are well coupled through collisions.
In Figure 6 we plot the vertical profiles of the heating and cooling rates at disk radii of (a) 1AU, (b) 10AU, and (c) 100AU, for a disk irradiated by both X-ray and UV radiation from the central star. The figures clearly show that the X-ray heating dominates in the inner region and in the surface layer of the disk, while the FUV heating dominates in the middle layer and the outer region of the disk. With regard to the cooling processes, radiative cooling dominates in the surface layer, while dust-gas collisions dominates near the midplane where the density is high. The main coolant at the surface layer changes as Ly α, OI 6300Å, and OI 63µm at the disk radii of 1AU, 10AU, and 100AU with decreasing gas temperature. These properties are qualitatively the same even if we use the different dust models in §2.1.
Furthermore, we plot in Figure 7 the vertical profiles of the X-ray ionization rates, ζ X , defined in equation (18), at disk radii of 1AU, 10AU, and 100AU, where the disk is irradiated by both of Xray and UV radiation from the central star. The radial (ζ X,R ; dashed lines) and vertical (ζ X,z ; dotted lines) components, which are calculated by substituting F X,R and F X,z of equations (9) and (10) into equation (18) and satisfy ζ X = ζ X,R + ζ X,z , are also plotted for comparison. In addition, the ionization rates caused by interstellar cosmicray, ζ CR are plotted in dot-dashed lines, which are estimated as
where we adopt ζ CR,0 = 1 × 10 −17 s −1 and the attenuation coefficient of χ CR = 96 g cm −2 (Umebayashi & Nakano 1981). The surface density is calculated as Σ(z) = z∞ z ρ(z ′ )dz ′ . The figure shows that at the disk surface the ionization rates due to X-rays from the central star are much higher than those due to interstellar cosmic-rays, while near the disk midplane the former is much lower than the latter. This is because X-ray attenuation is larger than that of cosmic-rays and because the Compton scattering of X-ray radiation is inefficient (see Fig. 1 and Igea & Glassgold 1999) . -The vertical profiles of the cooling and heating rates at the disk radii of (a) x = 1 AU, (b) 10 AU, and (c) 100 AU for the irradiation model of X-rays + UV and the dust model A with a max = 10µm. The X-ray or FUV heating dominates the heating process, while the radiative cooling (Ly α, OI 6300Å, and OI 63µm for x = 1, 10, and 100 AU) and the dust-gas collision dominate the cooling process at the surface layer and near the midplane, respectively. -The vertical profiles of the X-ray ionization rate at the disk radii of x = 1, 10, and 100 AU for the irradiation model of X-rays + UV and the dust model A with a max = 10µm. The solid, dashed, and dotted lines show the total rate, radial and vertical components, respectively. The ionization rate due to interstellar cosmic-rays are plotted as a dot-dashed line for comparison. The ionization rates by the X-rays from the central star are much lower than those by the interstellar cosmicray near the disk midplane due to the inefficient Compton scattering of the X-ray radiation.
Effect of Dust Evolution
In Figure 8 we plot the vertical gas temperature profiles for various dust models at disk radii of x = 1, 10, and 100 AU for the case of a disk heated by both X-rays and UV radiation. The profiles for dust model A with different maximum dust radii of a max = 10µm (solid lines), 1mm (dashed lines), and 10cm (dot-dashed lines) are plotted together in Figure 8a . The profiles for dust model B at 10 6 yr after the calculation starts are plotted in Figure 8b for the quiescent (solid lines) and turbulent (dot-dashed lines) disks. The profiles calculated by using the dense cloud dust model (which is the initial condition of the calculation for the dust evolution and the dust model A with a max = 10µm) are also plotted together in thin solid lines for comparison. The thin dotted lines in the figures are the dust temperature profiles. Figure 8a shows that as the dust particles grow and the total surface area of dust grains (f dust ) decreases (see §2.1.3), the gas temperature at the disk surface drops because the grain photoelectric heating rate decreases (e.g., Aikawa & The irradiation model of X-rays + UV is used here. As the dust particles grow or settle toward the disk midplane the gas temperature in the middle layer and in the outer disk decreases due to the decrease of the grain photoelectric heating rate. Meanwhile, the dust and gas temperatures near the midplane increases due to smaller grain opacity and greater penetration of the irradiation from the central star.
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). The gas temperatures in the inner disk (x ∼ 1 AU) and in the surface layer at x ∼ 10 AU do not change because the X-ray heating dominates in these regions. The dust temperature at the disk surface decreases slightly with dust growth. Figure 8b shows that clear differences appear in the gas and dust temperatures between the dust model of dense clouds (dust model A with a max = 10µm) and the models with the dust evolution in both quiescent and turbulent disks. For the models with dust evolution the gas temperature in the middle layer and the outer region of the disks drops owing to the decrease of f dust (see §2.1.3 and §3.1), while the dust and gas temperatures near the midplane increase because the grain opacity decreases and the irradiation from the central star can penetrate deeper in to the disks. At x ∼ 1AU heating via irradiation dominates even near the midplane for the models with the dust evolution, whereas the viscous heating is dominant for the dense cloud dust model. The differences between the quiescent and turbulent disks are small because the profiles of f dust are similar, especially in the surface layer. The dust and gas temperatures very close to the midplane are slightly higher in the turbulent disk due to the higher collision rate between the dust particles, which results in lower f dust and grain opacity (see §3.1). Dust growth and settling are also expected to impact on the X-ray heating rates and the gas temperature profile through the change in the photoionization cross section, σ ph , part of which is contributed by heavy elements in dust grains (e.g., Glassgold et al. 1997; Wilms et al. 2000) . Here we check the effects by simply adopting an extreme case, specifically that the contribution of dust grains to the cross section is negligible for dust model A with a max = 10cm and for dust model B. We modify the cross section in Malony et al. (1996) by simply assuming that the contribution by heavy elements in gas phase is about 60%, on average, of the total cross section (Wilms et al. 2000) . This modification of the cross section makes the gas temperature higher or lower by a factor of 2 at most at the disk surface, where the X-ray heating is dominant. At large z the gas temperature becomes slightly lower due to the decrease of the photoionization rate, while at smaller z, where the influence of attenuation is more important, the temperature becomes a bit higher ow- -The vertical gas density profiles at the disk radii of x = 1, 10 and 100AU for dust model B in quiescent (solid lines) and turbulent (dashed lines) disks. The profiles for the dense cloud dust model are also plotted together in thin solid (x = 1AU), dotted (x = 10AU), and dot-dashed (x = 100AU) lines. The disks are puffed out more for the models with the dust evolution due to higher gas temperatures at the disk midplane and higher disk scale height.
ing to the decrease of the attenuation coefficient, which results in the relatively stronger X-ray radiation field (e.g., Glassgold et al. 1997 ). The gas density at the disk surface also becomes higher or lower by a factor of 3 at most, according to the change in the gas temperature. The variation of the photoionization cross section due to the dust evolution will also slightly affect the level populations and the line emission of molecular hydrogen through the changes in the thermal collision and the X-ray pumping rates. When the FUV heating or the UV pumping process dominates, however, the changes will be small. In the following sections we neglect these effects for simplicity.
As the dust particles evolve in the disk, the gas density profile also changes since it is related to the gas temperature profile. In Figure 9 we plot the gas density profiles in the vertical direction at the disk radii of x = 1, 10, and 100AU, which are calculated by using dust model B in quiescent (solid lines) and turbulent (dashed lines) disks. The profiles for the dense cloud dust model are also plotted together as thin solid (x = 1AU), dotted (x = 10AU), and dot-dashed (x = 100AU) lines for comparison. The gas densities in the models with the dust evolution are lower at the disk midplane and higher at the disk surface than those for the dense cloud dust model because of higher gas temperatures at the midplane and higher disk scale height (H = c s0 /Ω K ). In Figure 10 we present the contour plots of the resulting gas temperature (solid lines) and density (dashed lines) profiles in the z/x vs. x plane. The contour levels are taken as T = 30, 100, 300, 1000, and 3000K, and ρ = 10 −16 , 10 −14 , 10 −12 , and 10 −10 g cm −3 . Dust model A with (a) a max = 10µm, (b) 1mm, and (c) 10cm, and model B in (d) quiescent and (e) turbulent disks are used in these figures.
Making use of the obtained density and temperature distributions, we calculate the continuum radiation of thermal dust emission from the disks by solving the radiative transfer equation, simply assuming that the disks are face on to an observer. The resulting infrared (IR) spectra basically reproduce the median spectral energy distribution (SED) observed toward classical T Tauri stars (CTTSs) in the Taurus-Auriga molecular cloud (D'Alessio et al. 1999 (D'Alessio et al. , 2006 for the dust model A with a max = 10µm. For the models with larger maximum dust radii, the resulting IR dust emission is weaker than the median SED by a factor of about 4 at the most (e.g., D'Alessio et al. 2001) . The thermal dust emission from the disks for dust model B in both quiescent and turbulent disks also reproduces the median observed SED if we adjust the inner disk radii. These models do not reproduce the flux deficits relative to the median SED in the near-IR to the mid-IR wavelength bands which are observed toward several CTTSs, including TW Hya (e.g., Calvet et al. 2002; Bergin et al. 2004 ). However, the disk structure beyond several tens of AU where molecular hydrogen lines are mainly emitted (see Paper I) will be almost unaffected even if we were to modify the structure of inner disk within several AU in order to force the thermal dust emission to account for the flux deficits, because only a limited region close to the midplane of the outer disk can be shadowed by the inner disk since the disk has a flared structure.
Finally, in Figure 11 we show another effect of the dust evolution due to the change in grain opacity. The figure shows the profiles of the integrated FUV radiation fields for the energy range of 6eV < hν < 13eV in the vertical direction at the disk radii of x = 1, 10, and 100 AU. The profiles for dust models A and B are plotted in Figure 11a and b, respectively, in the same way as Figure 8 . The figures show that as the dust particles evolve in the disk and f dust decreases, the FUV radiation from the central star penetrates deeper in the disk due to the decrease of grain opacity (see also Paper I for the FUV radiation fields in disks).
Level Populations of Molecular Hydrogen
Making use of the physical properties of the disks obtained in the previous subsections, we calculate the level populations of molecular hydrogen in the disks by solving the equations for statistical equilibrium ( §2.4). The effects of X-ray irradiation and dust evolution on the level populations are discussed in the following.
Effect of X-rays
In Figure 12 we plot the resulting level populations of molecular hydrogen for the models in which the disk is irradiated by (a) both X-ray and UV radiation from the central star, (b) UV radiation only, and (c) X-ray radiation only. Dust model A with maximum dust radius of a max = 10µm (see §2.1) is used in this sub-subsection. The filled diamonds show the column densities of molecular hydrogen in each ro-vibrational level as a function of the level energy. The column densities are calculated by integrating the number density of molecular hydrogen in each level along the vertical direction at a disk radius of 50AU. The level populations in local thermodynamic equilibrium (LTE) are shown as dashed lines. The figure shows that if we take into account UV irradiation from the central star, the gas temperature becomes high enough for the collisional excitation process to be very efficient, and the level populations in lower energy levels are in LTE distribution as a result. Meanwhile, if the disk is irradiated by X-rays only and the gas is cold enough, the populations are not in LTE due to the X-ray pumping process. It suggests that we may be able to observe molecular hydrogen transitions excited by X-ray pumping toward those protoplanetary disks whose central stars have strong X-ray and weak UV radiation.
Effect of Dust Evolution
We now discuss the effect of dust evolution on the level populations of molecular hydrogen in a disk irradiated by both X-rays and UV radiation. Figure 13 is the same as Figure 12 but for different dust models. Dust model A with maximum dust radii of a max = (a) 10µm, (b) 1mm, and (c) 10cm and (d) model B are used in these figures. Figures 13a-c show that as the dust particles grow, the level populations of molecular hydrogen change from LTE to non-LTE distributions. This is because with increasing dust size and decreasing f dust , the gas temperature drops due to the decrease of grain photoelectric heating rate, and the collisional excitation process becomes less efficient. In addition, the UV radiation from the 
(c) only X-ray 50AU LTE Fig. 12. -The level populations of molecular hydrogen at a disk radius of 50 AU (filled diamonds) for the irradiation models of (a) X-rays + UV, (b) UV only, and (c) X-rays only. The LTE distributions are plotted as dashed lines. Dust model A with a max = 10µm is used here. The populations are in LTE in lower energy levels when the disk is irradiated by strong UV radiation, while they are controlled by X-ray pumping if the UV irradiation is weak and X-ray irradiation is strong. The irradiation model of X-rays + UV is used here. The level populations change from LTE to non-LTE as dust particles grow or settle toward the disk midplane, and since the gas temperature drops while the UV photons in the disk increase.
central star can penetrate deeper in the disk due to the decrease of grain opacity, and the UV pumping process becomes more efficient. X-ray pumping is not the dominant process if we take into account the UV irradiation from the central star. In Figures 13d the level populations with dust model B in quiescent (asterisks) and turbulent (open squares) disks are plotted together. The populations in quiescent and turbulent disks are almost identical because of similar physical properties of the disks (see §3.2.2). The figure shows that if we take into account dust evolution, the level populations are in non-LTE distributions both in quiescent and turbulent disks because of low f dust , which results in low gas temperature and high UV radiation fields, while they are in LTE distributions with the dust model of dense clouds (dust model A with a max = 10µm).
Molecular Hydrogen Emission
Making use of the physical properties of the disks and the level populations of molecular hydrogen obtained in the previous subsections, we calculate the line emission from molecular hydrogen ( §2.4). In the following we show the resulting line spectra in the near-and mid-infrared (NIR and MIR), and ultraviolet (UV) wavelength bands, and present line ratios, using various dust and irradiation models.
Line Spectra
Figures 14, 15, and 16 show that the resulting line spectra in the NIR, MIR, and UV wavelength bands, respectively. Dust model A with a max = (a) 10µm, (b) 1mm, and (c) 10cm, and (d) model B in a quiescent disk are used in these figures. The spectra from a turbulent disk are not plotted in these figures as they are almost identical to those in a quiescent disk.
In Figure 14 and Table 1 (upper rows) we present the ro-vibrational line fluxes of molecular hydrogen in the NIR wavelength band. These show that as the dust particles grow, the transition lines from higher vibrational energy levels become relatively stronger in this wavelength band. This is because the level populations change from LTE to non-LTE distributions due to the decrease of the gas temperature and the increasing importance of UV pumping, so that the populations in higher vibrational energy levels become relatively larger as we have seen in the previous section (see Fig. 13 ). The line fluxes decrease with the dust evolution because the area of high temperature region in the disk shrinks. In Figure 15 and Table 1 (lower rows) we present the pure rotational transition lines in the MIR wavelength band. In this case the transition lines from lower energy levels become relatively stronger. This is because the level populations in the ground vibrational state are in LTE for all dust models, and the populations in lower energy levels become relatively larger as the gas temperature decreases with increasing dust size. The line fluxes decrease with dust evolution for the same reason as the NIR lines. The MIR flux for dust model B, however, does not decrease so much because f dust is not very small in the outer disk (see Fig. 2a ). The line fluxes from lower energy levels are rather stronger than those in model A since the gas temperatures near the midplane, to which the MIR lines are sensitive, are higher for model B (see §3.2.2). In Table  1 we also list the infrared line fluxes for different irradiation models, calculated by using dust model A with a max = 10µm. For the irradiation model of X-rays only, the intensity of NIR lines is similar to that for the irradiation model of X-rays + UV and dust model A with a max = 1mm. The MIR lines are relatively weaker because the gas temperature at the outer disk is not so high if the irradiation source is X-rays only (see Fig. 5 ). For the irradiation model of UV only, the NIR and MIR line fluxes are a bit weaker than those for the irradiation model of X-rays + UV and the dust model A with a max = 10µm since the gas temperature for the latter model is higher due to the X-ray heating. The intensity of emission lines from lower energy levels in the MIR is similar between the former and the latter models because X-ray heating does not affect the gas temperature in the outer disk.
Comparing our results for the 2.12 µm v = 1 → 0 S(1) transition to the observational data towards TW Hya of 1.0 × 10 −15 ergs s −1 cm −2 (Bary et al. 2003) , dust model A with a max = 1mm (f dust = 0.1) seems to be most suitable. We may need larger amount of small dust grains than that predicted in dust model B in order to reproduce the observed 2.12 µm line flux. The calculated fluxes of the MIR lines are consistent with the upper limits of the ground based observations 14, but for the ultraviolet (1100Å< λ < 1800Å) emission lines. The line fluxes of transitions originally pumped from higher energy levels seems to be relatively weaker as dust particles evolve and the gas temperature decreases. The lines are also affected by the strength of UV radiation field in the disk. (Richter et al. 2002; Sako et al. 2005) . In Figure 16 and Table 2 we present the line fluxes in the UV wavelength band. In the table we list the lines pumped by 0 − 2 R(0), 0 − 2 R(1), 1 − 2 P (5), 1 − 2 R(6), 3 − 1 P (14), and 4 − 3 P (5) transitions in the wavelength band of the strong Ly α emission from the central star (see e.g., Herczeg et al. 2002; Paper I) . The figure and table show that the fluxes of most lines decrease as dust particles evolve in the disk and the area of the high temperature region shrinks. The fluxes of some lines, however, do not decrease because the lines in the UV wavelength band, excited by UV photons, are affected very much by the strength of the UV radiation field in the disk, which becomes stronger with dust evolution (see Fig. 11 ). The line fluxes for dust model B are relatively strong since the populations of molecular hydrogen in the energy levels in the ground electronic states, from which the lines are pumped, are larger. The populations in lower energy levels are large because the gas temperatures near the midplane are high, while those in higher energy levels, which are controlled by the UV pumping process, are large because the UV irradiation from the central star penetrates deeper in the disk (see Figs. 8 and 11 ). We note that in this work the fluxes of lines in the UV wavelength band caused by X-ray pumping are not calculated. Such pumping will affect the strength of weak emission lines of molecular hydrogen (e.g., Bergin et al. 2004 ), but the effect on the flux of the strong lines, listed in Table 2 , which are pumped by the strong Ly α line emission, will be negligible.
The calculated UV line fluxes are 10 −15 ∼ 10 −14 ergs s −1 cm −2 , which are consistent with the observations towards TW Hya (Herczeg et al. 2002) to zeroth order but have discrepancies in details. This could be because the UV line fluxes depend not only on the density and temperature profiles of protoplanetary disks, but also on the strength and shape of the Ly α line irradiated from the central star, as shown by Herczeg et al. (2002 Herczeg et al. ( , 2004 ; see also Paper I). A simple single Gaussian profile is used for the Ly α line profile in this paper, while the actual line profile seems to be influenced by wind absorption (see Herczeg et al. 2002 Herczeg et al. , 2004 . Thus, a more detailed analysis of the Ly α line profile, beyond the scope of this work, will be needed in order to fit the observed UV line fluxes in more detail.
Our results show that molecular hydrogen emission is strong and will be easier to observe toward those disks whose central stars have strong UV and X-ray radiation. In addition, if the disk contains relatively large amount of small dust grains, the volume of hot gas in the disk will be larger, and emission lines will be stronger. Therefore, the disks which have an observable signature of the presence of small dust grains, such as strong 10µm silicate emission, could be good targets in which to observe molecular hydrogen lines.
Finally, we discuss the effect of the dust evolution on a particular line ratio, the v = 1 → 0 S(1)/v = 2 → 1 S(1) ratio, which is often used as a probe of physical properties of astronomical objects. In Figure 17 the resulting line ratios for various irradiation models and dust models are plotted. The lines with diamonds in the left hand side of the figure show the ratios calculated using dust model A with a max = 10µm, 1mm, and 10cm (f dust = 1.0, 0.1, and 0.01) and irradiation of both X-rays and UV (solid lines), UV only (dashed lines), and X-rays only (dot-dashed lines). They show that if the disk is irradiated by the UV radiation from the central star, this ratio becomes larger as the dust particles grow and the total surface area of dust grains, f dust , decreases. This is because the level populations of molecular hydrogen change from LTE to non-LTE distributions due to the increase in the grain photoelectric heating rate and the decrease of grain opacity, as discussed in §3.3.2. This effect appears to be more efficient if the disk is irradiated only by UV and the heating source of the gas at the surface disk is grain photoelectric heating only. If the disk is irradiated by X-rays only, the ratio does not change with the maximum dust size. We note, however, that we have neglected the change in the X-ray photoionization cross section due to the dust evolution. If we take it into account, it affects the line ratio slightly with the error being about 25% for the model with a max = 10cm in the extreme case that the contribution to the cross sections of heavy elements in the dust is negligible (see §3.2.2; Wilms et al. 2000) . Figure 17 shows that the line ratio in the model with X-ray irradiation only is slightly larger than that in the model with UV irradiation, although the gas temperature is lower. This occurs because the level populations are not in LTE, but affected by the X-ray pumping process (see §3.2.1). We also plot in the right hand side of Figure 17 the resulting line ratios for dust model B in quiescent and turbulent disks in filled and open triangles, respectively. The ratio for the model with dust grains typical of dense cloud (model A with a max = 10µm) is plotted as a filled circle. The results suggest that if the dust grains coagulate and settle towards the disk midplane, the ratio becomes substantially larger than the case in which dust grains do not evolve. So, our results suggest that dust evolution in protoplanetary disks could be observable through this particular line ratio. Itoh et al. (2003) derived an upper limit to the line ratio of 0.26 from an observation toward a classical T Tauri star, LkHα 264, and Bary et al. (2007, in preparation) find an upper limit of ∼0.2 toward a Herbig Be star, HD 97048; all the models we used in this paper almost satisfy these observational upper limits.
Summary
We have made a detailed model of physical structure of protoplanetary disks and calculated the level populations and line emission of molecular hydrogen, taking into account X-ray irradiation from the central star as well as dust growth and settling towards the disk midplane. We have followed the time evolution of the spatial and size distributions of dust particles in the disks by numerically solving the coagulation equation for settling dust particles. The resulting mass and total surface area of dust grains per unit gas volume is much smaller, except at the disk midplane, than those for the model in which the dense cloud dust grains are well mixed with the gas. At the disk surface the dust density normalized by the initial value, ρ dust /ρ dust,0 , and the parameter for the total surface area of dust grains, f dust , are small due to the dust settling toward the disk midplane. Near the disk midplane the parameter f dust becomes much smaller since small dust particles are removed by dust coagulation.
We have studied the effects of X-ray irradiation on the physical structure of the disks and found that the X-ray irradiation is the dominant heating If the disk is irradiated by strong UV radiation, the line ratio increases with dust evolution as a consequence of the decrease in gas temperature and the increase in the UV radiation field strength .
source in the inner region and in the surface layers of the disk. FUV heating dominates in the middle layers and in the outer region of the disk. This is because the FUV radiation is scattered efficiently by dust grains, while the Compton scattering of Xray radiation is inefficient in the energy range of E 1keV in which T Tauri stars mainly emit Xray radiation. We found that the ionization rate caused by X-rays is much smaller than that due to interstellar cosmic-rays near the disk midplane because of the relatively large attenuation and inefficient scattering of X-rays. The dust evolution in the disks affects the physical disk structure, especially the gas temperature at the disk surface and the FUV radiation field within the disk. As the dust particles grow or settle towards the disk midplane, the gas temperature in the middle layers and the outer disk decreases because the grain photoelectric heating which is induced by FUV radiation becomes less efficient. Meanwhile, the FUV radiation from the central star penetrates deeper into the disk due to the de-crease of grain opacity.
Furthermore, making use of the obtained physical structure of the disks, we calculated the level populations of molecular hydrogen in the ground electronic state. Our results show that if the central star has strong X-ray and weak UV radiation, the level populations are controlled by Xray pumping. Otherwise, the level populations are mainly controlled by thermal collisions or UV pumping, depending on the dust properties in the disk. As the dust particles evolve in the disk, the level populations change from LTE to non-LTE distributions since collisional excitation becomes less efficient due to the decrease of the gas temperature at the disk surface while UV pumping becomes more efficient owing to the stronger UV radiation field in the disk.
Finally, using these level populations, we calculated the line emission of molecular hydrogen from the disk. The ro-vibrational line spectra in the near-infrared wavelength band show that the emission lines from high energy levels become relatively stronger as the dust particles evolve in the disk. Again, this is due to level populations changing from LTE to non-LTE and the populations in higher vibrational energy levels becoming relatively larger. For the pure rotational line spectra in the mid-infrared wavelength band, it is the emission lines from lower energy levels which become relatively stronger. This is because the level populations in the ground vibrational state are in LTE and the populations in lower energy levels become relatively larger with dust evolution and decreasing dust surface area which results in lower gas temperatures. For transitions in the UV wavelength band, the dependence on the dust evolution is not so straightforward because the line fluxes decrease as the area of high temperature region shrinks, while they increase as UV irradiation from the central star penetrates deeper in the disks. Basically, the line fluxes which originate from pumping from higher energy levels seem to be relatively weaker as the dust particles evolve and the gas temperature decreases. Our results suggest that infrared line ratios of molecular hydrogen could be a useful probe of dust evolution in protoplanetary disks. If the dust particles evolve, the v = 1 → 0 S(1)/v = 2 → 1 S(1) line ratio, for example, becomes clearly larger than that for the dense cloud dust model (without the dust evolution). Further observations of the line ratios of molecular hydrogen could provide some constraints on the dust evolution model in protoplanetary disks. a Ground-based observations by Bary et al. (2003) and Itoh et al. (2003) give fluxes of (1.0 − 15) × 10 −15 erg/s/cm 2 .
b Ground-based observations by Richter et al. (2002) and Sako et al. (2005) give fluxes of < 30 × 10 −15 erg/s/cm 2 for the 12µm S(2) line and < 39 × 10 −15 erg/s/cm 2 for the 17µm S(1) line.
c ISO observations by Thi et al. (2001) give fluxes of (28 − 81) × 10 −15 erg/s/cm 2 for the 17µm S(1) line and (25 − 57) × 10 −15 erg/s/cm 2 for the 28µm S(0) line. Pumped by 4-3 P(5) 
